Site-specific rate constants for hydrogen (H) and deuterium (D) abstraction by hydroxyl (OH) radicals were determined experimentally by monitoring the reaction of OH with two normal and six deuterated alkanes. The studied alkanes include propane (C 3 H 8 ), propane 2,2 D2 (CH 3 CD 2 CH 3 ), propane 1,1,1-3,3,3 D6 (CD 3 CH 2 CD 3 ), propane D8 (C 3 D 8 ), n-butane (n-C 4 H 10 ), butane 2,2-3,3 D4 (CH 3 CD 2 CD 2 CH 3 ), butane 1,1,1-4,4,4 D6 (CD 3 CH 2 CH 2 CD 3 ), and butane D10 (C 4 D 10 ). Rate constant measurements were carried out over 840 -1470 K and 1.2 -2.1 atm using a shock tube and OH laser absorption. Previous low-temperature data were combined with the current high-temperature measurements to generate threeparameter fits, which were then used to determine the site-specific rate constants. Two primary (P 1,H and 
Introduction
Natural and liquefied petroleum gases are primarily composed of small normal and branched alkanes such as propane (C 3 H 8 ) and butane (C 4 H 10 ). Hydroxyl (OH) radical is an important reactive radical in combustion and atmospheric chemistry, and it is widely accepted that OH radical oxidation of fuels is the major oxidation route for these molecules under atmospheric and combustion conditions 1, 2 .
Despite the significant importance of this reaction from ambient to combustion temperatures, a browse through the literature, such as review articles of Atkinson 3, 4 and the NIST Chemical Kinetics Database 5 , reveals a lack of direct rate constant measurements for OH with many small and large alkanes, particularly at high temperatures. The site/position within the fuel molecule from where H atom is being abstracted greatly influences the rate of abstraction and the branching ratios are extremely critical in determining the fuel oxidation pathways and the overall reactivity. The site-specific H-abstraction rates are termed primary (P), secondary (S), and tertiary (T) for one, two, and three hydrogen atoms bonded to the considered carbon group, respectively. Site-specific abstraction rate constant measurements are extremely rare. Theoretical calculations and/or estimation methods are generally employed to determine the site-specific reaction rates and the resulting branching ratios.
The only direct measurements of the site-specific rate constants of H-and D-abstraction by OH from alkanes were performed by Tully and co-workers [6] [7] [8] [9] [10] [11] at low temperatures (287 -903 K). They used a flow reactor and laser photolysis/laser induced fluorescence (LP-LIF) technique to measure H-and Dabstraction rate constants by OH from various normal, cyclic, and branched alkanes ranging from C 1 to C 8 . Subsequent to these important measurements, several theoretical/estimation methods were developed to predict these rate constants. Cohen 12, 13 used group-additivity transition-state-theory (TST) method;
Atkinson and co-workers 14, 15 developed the structure-reactivity approach (SAR); and Sivaramakrishnan et al. 16, 17 recently extended the next-nearest-neighbor (N-N-N) estimation method to determine threeparameter rate constant fits for several site-specific H-abstraction rate constants.
In this work, we report the first direct measurements of the rate constants of primary and secondary H-and D-abstraction by OH at higher temperatures (850 -1400 K). This is achieved by measuring the overall rate constant for the following reactions: Using these measurements, new site-specific rate constants for the H and D-abstraction by OH from primary and secondary C-H and C-D bonds are derived and described in the form of three-parameter expressions. The effects of the substitution of H by D in the fuel molecule on the rate constant with OH are also examined.
Experimental Details
Experiments were performed in a stainless steel, high-purity, low-pressure shock tube facility.
The method and setup were described previously [18] [19] [20] and only a brief description is given here. The shock tube is made of a 9 m driver section and a 9 m driven section, with an inner diameter of 14.2 cm.
All experiments are performed behind reflected shock waves. The incident shock speed is measured using a series of five piezoelectric PCB pressure transducers over the last 1.3 m of the shock tube.
Reflected shock temperatures and pressures are determined from the measured incident shock speed and standard normal shock-jump relations. Uncertainties in the calculated temperature and pressure are approximately ± 0.7% and ± 1%, respectively. The OH laser diagnostic, along with a Kistler 603B piezoelectric pressure transducer, is located at a test section 2 cm from the driven section endwall. The shock tube facility is equipped with a magnetically-stirred 24 L mixing vessel and a well-furnished mixing manifold for preparing accurate mixtures.
The output light of a frequency-doubled ring-dye laser is tuned to the center (306.6868 nm) of the well-characterized R 1 (5) The deuterated fuels used here do not have research grade purity (> 99.5%) and hence impurities present in these fuels should be considered in the analysis of the measured reaction rate constants. Tully and co-workers 6-11 investigated the effect of impurities on the rate constants and found that impurities play significant role at low temperatures (~ 300 K) but have negligible effect at higher temperatures.
Here, the contribution of impurities to the measurements of the rate constant of propane D8 is estimated as an example case. The deuterated fuels used in this work are certified by the supplier to have 98% purity. However, the supplier did not provide the composition of the 2% impurity. Therefore, the from the experimental data, corrections for the reaction of OH with the impurities should be made.
Therefore, k 4 is assumed to have the following expression,
where x i is the mole fraction of species i in the source mixture and k i represents the bimolecular rate constant for the reaction of species i with OH. The values of the rate constants k i are taken from Tully and co-workers 6 . By solving Eq. (1), the ratio k 4 /k measured comes out to be 0.9984 at 900 K, which can introduce about 0.15% error in our k 4 determination. Therefore, impurities are not analyzed further in this work and the reported rate constants for reaction R1 to R8 are the measured rates without any corrections due to impurities.
Results and Discussion

Propane Isotopes + OH Rate Constants
The propane + OH rate constant measurements were carried out using 335 ppm of propane with 33 ppm of TBHP (85 ppm of water) diluted in argon at temperatures ranging from 895 to 1294 K and pressures from 1.53 to 2.14 atm. Hydroxyl sensitivity analyses were performed at various experimental conditions; a representative case is shown in Fig. 1 . The OH sensitivity is calculated as
, where !" is the local OH mole fraction and ! is the rate constant of ith reaction. Propane + OH is the dominant reaction under all conditions of the current study. However, minor interferences from secondary reactions occur and the rates of the important secondary reactions are updated based on the suggestions given in 18 . Propane + OH has two different pathways:
The branching ratio (k 1a or 1b /k total ) at 1051 K is 0.57 for R1a and 0.43 for R1b 26 . These branching ratios are kept unchanged when fitting the experimental profiles. In fact, the determination of overall rate constant (k 1 = k 1a + k 1b ) is insensitive to the branching ratios because of the pseudo-first-order conditions 18 . Figure 2 shows a representative measured OH profile at 1051 K and 2 atm. The initial TBHP concentration in the simulations is taken from the experimental OH yield. The best-fit OH profile has a k 1 value of 1.70 x 10 -11 cm 3 molecule -1 s -1 and the effect of 50% deviations from this value is also presented in Fig. 2 . The rate constants for R1 (k 1 ) along with the experimental conditions are tabulated in Table 1 . Detailed uncertainty analysis was performed to estimate the errors in the measured rate constants. Various sources of errors considered here include temperature (± 0.7%), mixture composition (± 5%), OH absorption coefficient (± 3%), wavemeter reading (± 0.002 cm -1 ), fitting the experimental profiles (± 5%), locating time zero (± 0.5 µs), impurities in the fuels (± 2%), and the rate constants of the secondary reactions. The contribution of each of these error sources on the determination of k 1 is calculated separately and the overall uncertainty, calculated using the root-sum-squared method, is found to be ± 24% for k 1 at 1051 K.
The Arrhenius plot of the rate constant of propane + OH => products is shown in Fig. 3 . Our experimental data agree very well with the high-temperature data from Sivaramakrishnan et al. 17 . 30 (210 -480 K) are used along with our high-temperature data to produce a three-parameter fitting expression, labeled as T-P-F (Current Work) in Fig. 3 . The resulting modified Arrhenius expression
Atkinson 3 and Sivaramakrishnan et al. 17 developed three-parameter fits for the available experimental rate constants of propane with OH and their expressions are also presented in Fig. 3 . The three fits agree very well for the entire temperature range. Fig. 4 . Similarly, T-P-F descriptions are generated for OH reaction with propane 1,1,1-3,3,3 D6 (CD 3 CH 2 CD 3 ) and propane D8 (C 3 D 8 ) using the current high-temperature data and the lowtemperature data of Droege and Tully 6 ; these are plotted in Fig. 5 and Fig. 6 . Note that the expression proposed by Droege and Tully 6 does a good job in fitting the current high-temperature data for k 3 and k 4 .
The resulting rate constant expressions for the three deuterated propanes are given below and the rate constants k 2 , k 3 , and k 4 are tabulated in Table 2 , Table 3 , and Table 4 , respectively. 35 (300 -390 K), and Greiner 36 (298 -495 K) are plotted in Fig. 7 along with our hightemperature data. Our measurements are in very good agreement with the data from Sivaramakrishnan et al. 17 . Atkinson 3 and Sivaramakrishnan et al. 17 generated three-parameter fits for butane + OH rate constants using several low-and high-temperature measurements and their derived expressions are shown in Fig. 7 . The T-P-F expression from this work developed using current and all previous data, does a slightly better job of reproducing the rate constant measurements over the entire temperature range compared to the previous expressions. Low-temperature rate constant data are not available for the reaction of OH with butane 2,2-3,3
D4 and butane 1,1,1-4,4,4 D6. Therefore, only the current high-temperature measurements are fitted to generate the standard two-parameter Arrhenius expressions. The rate constants k 6 and k 7 are plotted in Fig. 12 8 are used with our high-temperature data to generate the T-P-F for k 8 . The experimental data and the rate constant fits from Droege and Tully 8 and this work are shown in Fig. 8 . The three-parameter fit of Droege and Tully 8 , which was developed for their temperature range (294 -506 K), underpredicts our high-temperature measurements. The rate constant expressions for all butane isotopes are given below. The measured rate constants k 5 , k 6 , k 7 , and k 8 are presented in Table 5, Table 6 , Table 7 , and Table 8 . 
Site-Specific Rate Constants
The group-additivity based transition-state-theory (TST) method developed by Cohen 12, 13 and later refined by Sivaramakrishnan et al. 16, 17 is implemented in this work. This method is based on an understanding that the primary and secondary C-H bonds are dependent on the number of C atoms attached to the next-nearest-neighbor (N-N-N) carbon atom. Following this methodology, the rate constants of R1 -R4 (k 1 -k 4 ) for propane isotopes + OH can be written as follows:
This linear system of equations has four unknowns (P 1,H , P 1,D , S 00,H , and S 00,D ) but only three independent equations because the equality k 1 + k 4 = k 2 + k 3 = 6P 1,H + 6P 1,D + 2S 00,H + 2S 00,D holds for all temperatures, as shown in Table 9 and Fig. 9 . As can be seen in Table 9 and Fig. 9 , the differences between the sums are fairly small and have an average deviation of 2.5% throughout the temperature range 300 -1350 K. Note that the values for k 1 -k 4 are obtained from the T-P-F because measurements of the rate constants at the same temperature do not exist. These T-P-F have some uncertainties in them which are contributing to the errors reported in the equality of the rate constants presented in Table 9 . 6 for propane is used here by extending it to high temperatures with a polynomial fit. This assumption was also used by Sivaramakrishnan et al. 17 to get site-specific rates. The ratio of the two rates is:
Solving this equation with Eqs. (10) - (13) results in the following modified Arrhenius expressions for the site-specific H and D abstraction rates by OH:
These primary and secondary H-and D-abstraction rate constants are compared with previous determinations in Fig. 10 . The D-abstraction rates were previously determined by Droege and Tully 6 only. The primary and secondary H-abstraction rates (P 1,H and S 00,H ) from the current work agree very well with the expressions from Sivaramakrishnan et al. 17 for the entire temperature range. The primary and secondary D-abstraction rate constants (P 1,D , and S 00,D ) by Droege and Tully 6 agree quite well with the current data. However, the primary and secondary H-abstraction rate constants of Droege and Tully 6 are smaller by about a factor of 2 at temperatures higher than 800 K. We believe that our and Sivaramakrishnan et al. 17 rate constant expressions are much more reliable at high temperatures.
Although the primary and secondary D-abstraction rates (P 1,D and S 00,D ) from the current work generally agree with the expressions from Droege and Tully 6 , we believe that our determinations are more accurate as Droege and Tully 6 expressions were derived only using low-temperature rate constant data. As discussed earlier, low-temperature rate constant data are not available for the reaction of OH with butane 2,2-3,3 D4 (k 6 ) and butane 1,1,1-4,4,4 D6 (k 7 ), and thus a three-parameter-fit (T-P-F) expression covering low to high temperatures cannot be obtained for these two rate constants. For nbutane (k 5 ) and butane D10 (k 8 ), T-P-F were derived in the previous section and their rate constants can be written as the linear summation of the primary and secondary abstraction rates as:
There are four unknowns (P 1,H , P 1,D , S 01,H , and S 01,D ) in these two equations. However, according to Sivaramakrishnan et al. 17 , the primary H-abstraction rate constant (P 1,H ) in butane is the same as that in propane and this assumption is used here. Similarly, it can be assumed that the primary D-abstraction rate constant (P 1,D ) is same in propane and butane. Solving Eqs. (19) and (20), S 01,H and S 01,D are determined and have the following expressions:
These two rate constants are plotted in Fig. 11 The rate constants for butane 2,2-3,3 D4 (k 6 ) and butane 1,1,1-4,4,4 D6 (k 7 ) can be estimated using the N-N-N method as all needed site-specific rate constants are now known. The measured hightemperature rate constants as well as the N-N-N estimation results are presented in Fig. 12 . The agreement between the estimation method and the measured k 7 is excellent at high temperatures while some deviation between the measurements and the estimation for k 6 is observed. This difference can be attributed to many reasons such as the fitting of the rate constants, especially k 8 , which directly affects the calculation of S 01,D or the assumptions that P 1,H and P 1,D are the same in propane and butane.
Although, the difference is not significant as the N-N-N line is within 15 -20% of the measured data but there appears to be a systematic problem in the temperature dependency. Low-temperature measurements for k 6 and k 7 are needed to better constrain the site-specific rate constants. 
Summary
We have conducted rate constant measurements for the reaction of OH with normal and deuterated alkanes at high temperatures. This work presents the first high-temperature rate constant measurements for six small deuterated alkanes (propane 2,2 D2, propane 1,1,1-3,3,3 D6, propane D8, butane 2,2-3,3 D4, butane 1,1,1-4,4,4 D6, and butane D8). Using our measurements and previous low-temperature studies, six site-specific rate constants for primary and secondary H-and D-abstraction by OH are derived. These new direct measurements of the site-specific abstraction rates will aid in reducing the uncertainty in the overall Fuel + OH rate and the associated branching ratios.
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